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Presented is a detailed kinetic evaluation of the motor component interactions of the DNA translocation
ATPase of Bacillus subtilis bacteriophage j29. The components of the j29 DNA packaging motor,
comprised of both protein and non-protein parts, act in a coordinated manner to translocate DNA into a
viral capsid, despite entropically unfavorable conditions. The precise nature of this coordination
remains under investigation but recent results have shown that the gp16 pentamer acts to propel
the genomic DNA in 10 base pair bursts, implying inter-subunit synchronization. We observe an
emergent tandem coordination behavior in the ATPase activity of gp16 as demonstrated by a Hill
coefﬁcient of 2.470.2, as differentiated from its activity in DNA packaging which has been shown to
have a unity Hill coefﬁcient. Due to its relative strength and DNA packaging efﬁciency, understanding
the molecular mechanism of force generation may prove useful to various nanotechnology applications
including gene therapy, control of biological ATPases, and the powering of nanoscale mechanical
devices.
& 2012 Elsevier Inc. All rights reserved.Introduction
Approximately 19.3 kb in length, the j29 genome encodes
twenty proteins and is covalently attached to the third gene
product (gp3) at both ends (Morais et al., 2008). Prior to matura-
tion, the j29 prohead includes a head-to-tail connector known as
gp10, gp7 scaffolding proteins (Morais et al., 2003), the major
capsid protein called gp8 (Morais et al., 2005), gp8.5 head ﬁber
proteins (Morais et al., 2005), an ATP-driven gp16, and a 174-base
strand of pRNA (Rao and Feiss, 2008; Tao et al., 1998).
Located at the portal vertex of the virus prohead, the j29
motor consists of two multimeric protein rings (Simpson et al.,
2000) and a third pentameric (Morais et al., 2008) ring of prohead
RNA (pRNA) arranged coaxially to form a pore for DNA entry into
the viral capsid (Ding et al., 2011; Grimes et al., 2002). The funnel-
shaped dodecamer of gene product 10 (gp10) extends through the
vertex of the prohead to serve as a head-to-tail connector
between the viral capsid and the external motor components
(Simpson et al., 2000). A ring of 174-base pRNAs also attaches to
the prohead and covers the narrow protruding end of gp10
(connector) (Koti et al., 2008). The primary ATPase of the motor
assembly, gene product 16 (gp16), binds to the pRNA to form all rights reserved.
ct.
ngineering Research Center,pentameric ring to complete the assembly of the DNA packaging
motor (Koti et al., 2008; Lee and Guo, 2006).
Due to symmetrical mismatch between the motor and capsid
components, the exact structure and mechanism of the j29 DNA
translocation motor remain partially unsolved. For example, gp10
forms a homododecameric ring at the 5-fold portal vertex of the
viral capsid (Hugel et al., 2007). This creates a 12:5 mismatch in
monomeric symmetry, of which the alignment is repeated with
every 121 rotation between gp10 (connector) and the capsid
(Hugel et al., 2007). Cryo-EM reconstructions indicate that pRNA
forms a pentameric ring with ﬁve arms pointing upward toward
the prohead and ﬁve pRNA arms pointing downward towards the
narrow end of the connector protein (Morais et al., 2008; Ding
et al., 2011). As a result, the central ring of the pRNAs associates
itself with the narrow end of the dodecamer while the downward
arms bind to the pentameric ring of gp16 such that each gp16
monomer is nestled alternately between the arms of pRNA
(Morais et al., 2008). As suggested by Morais et al. (2008), it is
possible that the assembly of pRNA initially requires recognition
of the gp10 (connector) dodecamer followed by a conformational
change in the surrounding capsid protein which allows pRNA to
bind more tightly to the complex. This theory is supported by
packaging alterations seen in the capsid upon removal of pRNA by
RNase digestion (Rao and Feiss, 2008).
Though a detailed model of DNA translocation remains elusive,
DNA packaging is facilitated by the ring of gp16 monomers which
hydrolyze ATP to ADP, thus inducing a conformational change in
Table 1
Kinetic Constants. Various combinations of motor components were allowed to
react in the presence of ATP, with inorganic phosphate production measured over
time via ELIPA. The turnover numbers (kcat) and Michaelis constants (Km) were
determined by non-linear least squares ﬁt of ATPase activity determined via assay
of each combination to the Hill equation (gp16) or the Michaelis–Menten
equation (all other combinations).
j29 Motor components kcat (s1) Km (mM) kcat/Km (s1 M1)
gp16 0.41370.012* 447712.0 921.7
gp16-ADP 0.56870.021 178714.0 3190
gp16-dNTPs 0.53170.024 147713.0 3610
gp16-pRNA 0.36170.014 146711.0 2470
gp16-gp3-DNA 0.43070.017 147712.0 2930
gp16-gp10 0.32270.010 10979.00 2950
gp16-gp10-gp3-DNA 0.70070.042 158718.0 4430
gp16-pRNA-gp3-DNA 0.70770.041 125717.0 5660
gp16-pRNA-gp10 0.69670.033 109715.0 6390
gp16-gp3-DNA-pRNA-gp10 0.71870.023 35.073.00 20,500
n Uncertainties listed are standard deviations (SD) about the mean measured
for each combination.
J. Todd et al. / Virology 432 (2012) 370–375 371the j29 motor to transfer dsDNA through the connector into
the capsid (Chemla et al., 2005). Comparatively, the entire
motor assembly exhibits higher afﬁnity for ATP (Km¼3172 mM)
(Chemla et al., 2005) than gp16 alone (Km¼351.0 mM) (Lee et al.,
2008). At saturating ATP concentrations, the j29 motor packages
DNA at an approximate initial rate of 100 bp/s (Morais et al.,
2008), and the entire j29 genome is packaged by the motor in
approximately 5.5 min (Smith et al., 2001). Besides the ATPase
activity of gp16, no other ATP dependence has been found for
assembly of the motor or by the individual motor components to
date (Koti et al., 2008).
Despite proposed ‘‘ratchet-like’’ mechanisms (Simpson et al.,
2000), single-molecule studies have shown that the head-to-tail
connector does not rotate during DNA translocation (Hugel et al.,
2007), which leads to other possible mechanisms in which gp16
propels the dsDNA strand while the connector might serve as a
valve to prevent backﬂow of DNA from the viral capsid (Hugel
et al., 2007). Structural analysis of the dodecameric ring of gp10
supports this ‘‘valve theory’’ in that the pore created by gp10
monomers includes a series of parallel, slanted a-helices that may
serve to anchor the DNA by crossing the deoxyribose-phosphate
backbone of DNA in a non-speciﬁc manner (Simpson et al., 2000).
This proposed valve-like function would allow the connector to
grip the DNA to prevent it from exiting the prohead while gp16
changes conformation to propel the next DNA segment (Morais
et al., 2008).
Both bulk ATPase studies and single motor experiments have
successfully correlated ATP hydrolysis to DNA movement into the
viral capsid. While bulk studies have estimated two base pairs
(bp) of DNA packaged per ATP molecule (Guo et al., 1987a,b),
more recent single motor experiments have found that DNA
translocation occurs in 10-bp bursts with 2.5 bp translocated
per ATP molecule hydrolyzed (Mofﬁtt et al., 2009). During DNA
translocation, the motor pauses periodically between 10-bp
bursts, but the DNA does not slip from the capsid (Smith et al.,
2001), thus supporting the theory that gp10 (the connector) may
act as a valve to prevent DNA backﬂow. However, during the
burst, DNA can slip but the motor resumes contact and continues
translocation with the next subsequent 10-bp burst (Smith et al.,
2001). Single motor studies have shown that each 10-bp burst is
preceded by a dwell phase in which multiple ATP molecules bind
to the pentameric ring of gp16 (Mofﬁtt et al., 2009). The amount
of time spent in the dwell phase is inversely related to the
concentration of ATP in the system (Mofﬁtt et al., 2009). By
contrast, the amount of time required by a packaging ‘burst’
exhibits little or no dependence on ATP concentration, thus
suggesting that binding of ATP to gp16 occurs only during the
dwell phase (Mofﬁtt et al., 2009). Brief pauses in DNA packaging
have been observed between 10-bp bursts. The number of pauses
increases as the internal pressure within the capsid increases,
thus explaining the gradual decrease in packaging rate as the
capsid ﬁlls with DNA (Smith et al., 2001).
Due to the simple non-sigmoidal ATP dependence on the
duration of the dwell phase preceding each 10-bp burst during
DNA packaging, it has been hypothesized that each ATP binding
event involves an initial reversible weak interaction between ATP
and the gp16 catalytic site followed by a stronger relatively
irreversible binding of ATP to the binding pocket prior to hydro-
lysis (Mofﬁtt et al., 2009). In addition, the dependence of dwell
time on ATP concentration suggests that only one ATP molecule
can be held in weak interaction with the gp16 ring at a time,
which supports the model of sequential ATP docking and tight
binding followed by a second ATP molecule docking at another
gp16 subunit (Mofﬁtt et al., 2009). At saturating ATP concentra-
tions, the 10-bp burst phase occurs after at least four ATP
molecules have tightly bound to the gp16 ring (Mofﬁtt et al.,2009). Binding of ATP to the ﬁfth subunit of the gp16 pentamer
remains ambiguous in occurrence and purpose. DNA transloca-
tion is independent of the reversible ATP docking steps as well as
the tight-binding of ATP following initial interaction with the
binding pocket (Chemla et al., 2005).
ATP hydrolysis and phosphate release occur during the burst
phase and DNA translocation (Chemla et al., 2005). Similar to ATP
binding, phosphate release also appears to occur sequentially
with the ﬁrst Pi release coinciding with a 2.5-bp DNA transloca-
tion followed by a second phosphate release and 2.5-bp move-
ment, until all phosphate molecules have been released and the
motor once again enters the dwell phase (Mofﬁtt et al., 2009).
Because the motor does not appear to be inhibited by large
concentrations of inorganic phosphate, the phosphate release
step is essentially irreversible (Chemla et al., 2005).
In regards to enzyme–substrate interaction, gp16 can bind
indiscriminately to dsDNA regardless of whether the strand is
genomic j29 DNA or non-j29 DNA (Lee et al., 2008; Lee and Guo,
2006). Due to this non-speciﬁcity of dsDNA-binding, it is logical
that gp16 interacts with the deoxyribose-phosphate backbone of
DNA similarly to the valve mechanism of the connector proposed
above. Contrary to the non-speciﬁc phosphate interactions with
DNA, gp16 binds to pRNA with high speciﬁcity (Lee et al., 2008).
The ability of gp16 to bind to both DNA and pRNA simultaneously
is a product of the two separate binding sites for these molecules
which ultimately allows gp16 to serve as a linkage between DNA
and pRNA during packaging (Lee et al., 2008; Lee and Guo 2006).Results
In order to elucidate inter-subunit coordination and molecular
assembly of the j29 motor components, a detailed ATPase
kinetics investigation was undertaken using the Enzyme-Linked
Inorganic Phosphate Assay (ELIPA). To obtain initial ATP hydro-
lysis rates, the components of the motor, namely j29 prohead
(without attached gp16 or pRNA) or dodecameric gp10 (connector),
gp3-DNA, gp16 and pRNA, were separately combined in all
possible combinations. The motor assembly was supplied ATP
after an initial 5 min incubation period. The results are summar-
ized in Table 1 and demonstrate an interrelationship between the
interactions of motor components and the overall observable ATP
hydrolysis rate of gp16. The assembly and activity of the various
components used was veriﬁed by packaging assay, though ATPase
activity in ELIPA buffer conditions was observed at a reduced
value of that expected in optimal packaging assay conditions.
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ATP hydrolysis rate of gp16 alone was approximately twenty six-
fold greater than that observed in other studies (Lee et al., 2008).
All other components individually exhibited negligible ATPase
activity (see Sﬁgure 3 in Supplementary material), and therefore
conﬁrm the current understanding that gp16 is the only obser-
vable ATPase in the j29 motor.
Despite its ability to oligomerize, gel ﬁltration chromato-
graphy and analytical ultracentrifugation data suggests that gp16
exists in monomeric form at concentrations below 0.1 mg/ml
with dimers and higher order multimers forming at gp16 con-
centrations ranging from 0.2 mg/ml to 0.8 mg/ml (Koti et al.,
2008). In a previous study of the ATPase activity of gp16
(Lee et al., 2008), it was suggested that ATP hydrolysis by gp16
can be further stimulated by the presence of pRNA. These experi-
ments, however, involved gp16 concentrations below 0.1 mg/ml,
which would inhibit multimeric self-assembly of the gp16 mono-
mers alone. Therefore, the reported pRNA induced increase
in gp16 ATPase activity could be due to pRNA inducing polymer-
ization of gp16, thus creating a coordinated ring of ATPases
exhibiting a higher overall afﬁnity for ATP.
All proteins were puriﬁed, as described elsewhere (Guo et al.,
1987a,b; Badasso et al., 2000), with the exception of the prohead,
which was kindly donated by the Montemagno lab. For all assays,
varying ATP concentrations of 0 mM, 10 mM, 25 mM, 50 mM,
75 mM, 100 mM, and consecutive 100 mM intervals (excepting
the ﬁnal 750 mM value) were used. As an initial reference, the
intrinsic ATPase activity of gp16 was characterized. In addition,
the kinetic rate of gp16 was measured in the presence of mixed
dNTPs (equal combination of dGTP, dCTP, and dTTP) or with ADP
in order to conﬁrm that gp16 binds and hydrolyzes ATP speciﬁ-
cally and to investigate deoxyribonucleotide di- and triphosphate
interactions with the protein. As shown in Fig. 1, when gp16 was
allowed to react with ATP alone, sigmoidal behavior was observed
in the initial reaction velocity kinetics implying multi-subunitFig. 1. Michaelis–Menten saturation curve of initial reaction velocity vs. substrate
concentration for samples of gp16 (black squares, N¼3), gp16 with ADP (red
circles, N¼3), and gp16 with dNTPs (blue triangles, N¼3). The preparation of gp16
by dNTPs (equal combination of dGTP, dCTP, and dTTP) or ADP initiates the
development of Michaelis–Menten kinetics and abolishes the sigmoidal kinetic
behavior of gp16 alone. Error bars indicate standard deviation (SD) about the
mean for each measured point. The data for gp16 is ﬁt to the Hill equation
corresponding to a Hill coefﬁcient n¼2.470.2 (SD, p-value¼0.05), indicating a
statistically observable tandem response for gp16 ATPase activity. (For interpreta-
tion of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)coordination. This sigmoid was ﬁtted using the Hill equation,
which evaluates inter-subunit coordination in multimeric enzyme
complexes (Hill, 1910), and the ﬁtted Hill coefﬁcient was found to
be 2.470.2.
After examination of the independent kinetics of gp16, we
characterized the combined ATPase activity of gp16 and pRNA.
The concentration of gp16 was maintained at 0.108 mg/ml (2 mM)
in order to allow gp16 to exist solely as monomer or dimer, which
was veriﬁed by NativePAGE gel electrophoresis (Sﬁgure 2 in
Supplementary material), and to avoid interference by induced
gp16 polymerization. The ATPase activity of the gp16-pRNA
complex was described by a kcat of 0.361 s
1 and a Km of
146 mM, while the turnover rate of gp16 and gp3-DNA was
0.430 s1 and the Michaelis constant was 147 mM (Table 1). The
combination of gp16 and gp3-DNA, while only marginally more
effective at ATP hydrolysis than gp16 and pRNA, appears less
active than gp16 by itself indicating a potential regulatory effect
of force yielding ATPase activity, which may be seen in conjunc-
tion with gp3-DNA, as opposed to indiscriminate bulk ATPase
activity. Though gp3 is not required for binding of DNA to gp16
(Koti et al., 2008), the presented data indicate that gp3-DNA
increases the ATPase activity of gp16 above that of isolated DNA
(Lee et al., 2008) consistent with previous reports that it increases
genomic packaging efﬁciency by several orders of magnitude
(Koti et al., 2008).
When gp16 and gp10 (connector) were introduced into the
reaction, the catalytic rate constant of ATP hydrolysis was
0.322 s1 and the Michaelis constant was 109 mM, and it is
noteworthy that these kinetics resemble the pRNA-gp16 kinetics
(see Fig. 3). Additionally an increasingly magniﬁed hydrolysis rate
was realized when gp16 was allowed to assemble with both
connector and pRNA. The kcat for the gp16-connector-pRNA
complex was 0.696 s1 and the Michaelis constant remained at
109 mM. Similar hydrolysis rates were observed when substitut-
ing assembled prohead with connector (Fig. 2) indicating that the
prohead itself does not appreciably affect ATPase activity of the
gp16 beyond inherent interactions with pRNA and the proximity
to the connector. Among all component combinations that do not
form the full motor assembly, this combination had the greatestFig. 2. Comparison of ATP hydrolysis activity for samples containing prohead
(purple bars) and those containing gp10 (turquoise bars) at a 100 mM ATP
concentration in the following combinations: (A) gp16 and gp10/prohead
(B) gp16, gp3-DNA, gp10/prohead (C) gp16, pRNA, gp10/prohead (D) gp16, pRNA,
gp3-DNA, and gp10/prohead. Error bars indicate the standard deviation (SD) about
the mean measured for each sample. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)
J. Todd et al. / Virology 432 (2012) 370–375 373binding afﬁnity for ATP. However, the fact that no signiﬁcant
difference was seen between the Michaelis constant of gp16-
connector and gp16-connector-pRNA suggests that connector and
pRNA increase the rate of ATP hydrolysis, but pRNA does not
signiﬁcantly increase the afﬁnity of ATP binding to gp16.
The tri-component combinations gp16-connector-pRNA, gp16-
connector-gp3-DNA, and gp16-pRNA-gp3-DNA all represent the
motor assembly lacking only one component and each of these
assemblies show similar ATPase activity. The kcat for these combina-
tions ranges from 0.696 s1 to 0.707 s1 and the Km ranges from
109 mM to 158 mM. Since it is known that both gp16 and the con-
nector can bind to DNA (Turnquist et al., 1992; Grimes and Anderson,
1997), the activity associated with the combinatorial addition of
gp16, connector, and gp3-DNA suggests that any interaction of the
coupled connector and gp16 is linked through the gp3-DNA, and the
resulting structure appears to increase the rate of ATP hydrolysis
above that generated in the paired combination of gp16 and con-
nector alone as would be expected. We further note that the addition
of a third motor component in all cases causes increased ATPase
activity when compared with the relevant two-part combinations.
In assembling all the motor components of gp16, connector,
pRNA, and gp3-DNA, the catalytic rate constant kcat was found to
be 0.718 s1 and the Michaelis constant Km was 35 mM. This rate
constant differs from the rate constants of the motor lacking a
single component by approximately 0.018 s1, while the Km
drastically decreased to only 35 mM. The fully assembled motor,
with addition of either prohead or connector as the central
component with similar results, not only yields the highest rate
of reaction, but also the greatest afﬁnity for ATP.Fig. 3. Hydrolysis activity for gp16 paired with j29 motor components. Plotted
are Michaelis–Menten saturation curves of initial reaction velocity vs. substrate
concentration. Samples are gp16 in the presence of pRNA (green circles, N¼3),
gp16 with gp3-DNA (magenta circles, N¼3), gp16 with gp10 (blue triangles,
N¼3), gp16 with gp10 and gp3-DNA (orange triangles, N¼3), gp16 with gp3-DNA
and pRNA (violet triangles, N¼3), gp16 with gp10 and pRNA (cyan triangles,
N¼3), and the fully assembled motor containing gp16, pRNA, gp10, and gp3-DNA
(red diamonds, N¼3). Error bars indicate standard deviation (SD) about the mean
for each measured point. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)Discussion
In our initial experiments with the Phosphate SensorTM (Invitro-
gen, Carlsbad CA) previously used for the measurement of gp16
ATPase activity (Lee et al., 2008; Lee and Guo, 2006) the sensor
showed an undesired hydrophobic sensitivity, including interactions
with glycerol and membrane-like proteins such as the connector
(unpublished work) making these experimental results undesirable
and unreliable. This could be the result of the cysteine-attached
Coumarin ﬂuorophore movement being triggered artiﬁcially in the
presence of a local hydrophobic interaction presented by the
aforementioned additives. When testing gp16 alone, the phosphate
sensor produced repeatable results only when allowed to incubate
with the protein for 30 min prior to ﬂuorescence measurements, the
cause for this behavior remains unclear. Due to the potential for
nonspeciﬁc interactions in the Phosphate Sensor protein (Brune
et al., 1998), we selected the ELIPA assay. ELIPA incorporates the
coupled enzyme system of purine nucleoside phosphorylase and a
chromophoric substrate, 7-methyl-6-thioguanosine, in order to
quantitatively determine the presence of inorganic phosphate
released during the dephosphorylation of ATP. The gp16 activity
yielded similar kinetic rates in the ELIPA assay to those previously
observed without the aforementioned false-positive signal.
The appearance of sigmoidal kinetic behavior in trials contain-
ing gp16 at sufﬁciently low concentrations to prevent general
polymerization of gp16 ring structures is suggestive of tandem
activity of two associated gp16 ATPases in the a putative dimer.
The value of the Hill coefﬁcient at 2.4 would indicate, at a
minimum, the coordination of two cooperative ATPases insofar
as ATP binding is concerned, which is the inherent justiﬁcation for
attributing the sigmoidal behavior of the gp16 kinetics to the
presence of a tandem dimer of gp16 ATPases. The observed
sigmoidal activity is eliminated in the presence of dNTPs, ADP,
and gp3-DNA, which suggests a nucleotide phosphate priming
mechanism within gp16 which is sensitive to and activated by thepresence of phosphate containing nucleotides. Since no observa-
ble hydrolysis activity occurred in the presence of only dNTPs
excluding ATP, ADP, or gp3-DNA, and ATP consumption was
modulated with their addition, it appears that motor activity is
regulated, in part, by a phosphate-based interaction with gp16
which has been proposed previously (Huang and Guo, 2003a,b).
However, the sigmoidal behavior of the gp16 ATPase has not yet
been observed in other studies due to the unique experimental
conditions for isolated gp16 utilized in this analysis. The deter-
mined non-unity Hill coefﬁcient for gp16 alone is not in contra-
diction with previous analyses (Chemla et al., 2005) of packaging
units as the value of the Hill coefﬁcient was observed to return to
unity in the case of assembled packaging motor components
(Fig. 3).
Contrary to a previous report (Chemla et al., 2005), the rate of
hydrolysis of ATP by gp16 in the presence of pRNA appears slower
than that of primed gp16 (meaning gp16 in an environment with
non-ATP nucleotide phosphates which demonstrate this property
of priming by removing the coordinated ATP binding behavior)
providing potential evidence for a regulatory mechanism, sepa-
rate from that seen in DNA and its related molecules, derived
from the separate binding pocket associated speciﬁcally with
pRNA. Further, the data show that without gp3-DNA or the
various nucleotide substitutes, ATP binds to gp16 and is hydro-
lyzed nonspeciﬁcally. The addition of pRNA decreases this unco-
ordinated hydrolysis, presumably by constructing a scaffold for
the inter-subunit gp16 interactions, which then function in
tandem. Investigations into pRNA interactions with the prohead
demonstrate that it is an essential part of DNA packaging
(Ding et al., 2011), and given the similarity in energy consump-
tion without the prohead, a ratcheting mechanism may be
inferred, one that converts the gp16 force production into useful
work. However, given that the motor has been observed to
package DNA in 10-bp bursts with approximately 4 ATP mole-
cules consumed (Smith et al., 2001), and that our study indicates
tandem binding behavior of ATP by gp16, it follows that four of
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be associated in two paired-conformations which hydrolyze ATP
rapidly in the burst phase. The role of the ﬁfth gp16 in the
pentameric ring has not been fully gleaned but may be associated
with a prevention mechanism for deleterious effects of potential
DNA backﬂow during packaging via tight binding interaction with
DNA, a triggering mechanism for the subsequent burst phase in
the action of packaging via communication with adjacent gp16
ATPases, or both.Materials and methods
Materials and motor components
Adenosine 50-triphosphate (ATP) and Adenosine 50-dipho-
sphate (ADP) were obtained from Sigma-Aldrich. Assorted deox-
yribonucleotide triphosphates (dNTPs) were obtained from
Novagens. The gp3-DNA and j29 phage prohead used for
experiments and cloning were the generous donations of the
Grimes and Montemagno labs, (University of Minnesota and
University of Cincinnati, respectively). pRNA was created de novo
from overlapping oligonucleotides using PCR, cloned into the
pGEM-3Z vector and expressed as a linearized plasmid using
the Promega Riboprobes in-vitro transcription kit. The generated
pRNA, 120 bp in length, was then puriﬁed using the RiboMaxTM
RNA puriﬁcation kit (Promega) at robust concentrations. Native
gp10 was expressed as previously reported (Badasso et al., 2000),
with the addition of afﬁnity chromatography using the StrepII
epitope and removal of the tag via Enterokinase (Ek). Brieﬂy, the
gene for gp10 was cloned into a pET-51b vector using the ligation
independent strategy to form an inducible expression system in
the BL21 (DE3) E. coli strain. Bacteria were grown in Overnight
Express media (EMD Biosciences) and harvested after 16 h. The
gp10 was puriﬁed using the N-terminal StrepII tag via gravity feed
over a StrepTrap HP chromatography column (GE Healthcare).
The Strep-Tag was later removed from the N-terminus using rEK
and extracted from the sample via gel ﬁltration after applying the
digested protein to rEK removal resin (EKapture, EMD Bio-
sciences). GP16 DNA was ampliﬁed from the j29 genomic DNA
and placed in pET32a to generate soluble TRX-GP16 as previously
described (Huang and Guo, 2003a,b). The pET32a-gp16 plasmid
was expressed in BL21 (DE3) E. coli using Overnight Express (EMD
Biosciences) and was puriﬁed using the 6x N-terminal His-tag on
His60 Ni-NTA resin from Clontech.
Enzyme-linked inorganic phosphate assay (ELIPA)
The ELIPA assay kit was obtained from Cytoskeleton, Denver,
Colorado. ELIPA is based on the increase in absorbance at 360 nm
as methylthioguanosine (MESG) reacts with inorganic phosphate
in the presence of purine nucleoside phosphorylase (PNPase) to
form ribose 1-phosphate and a purine by-product. The ﬁnal assay
mixture included 0.185 mM MESG, 0.923 U/ml PNPase, 15 mM
PIPES (pH 7.0), 5 mM MgCl2. Motor component samples were
incubated for 15 min at room temperature with the assay
reagents at the concentrations listed above. Concentrations of
motor components used in each complex were based upon
stoichiometric ratios of 5:5:12:1 for gp16:pRNA:gp10:gp3-DNA
as is present in the fully-assembled motor. Numerically these
concentrations were then based upon the requisite concentration
of gp16 at 0.108 mg/ml (2.0 mM) such that the concentrations
required were 2.0 mM pRNA, 4.8 mM gp10 monomer or 0.4 mM
prohead and approximately 0.4 mM gp3-DNA. The ﬁnal ELIPA
mixture contained a 1:4 dilution of these concentrations yielding
an effective gp16 ATPase concentration of 0.5 mM. When used,dNTPs (equal combination of dGTP, dCTP, and dTTP, each at the
given amount) and ADP were supplied in similar concentrations
to that of gp3-DNA. In order to initiate the reaction, ATP was
added and absorbance was measured at 10 s intervals for approxi-
mately 1 h of total elapsed time. The initial, maximal observed
rate was used for all kinetic analysis. A Molecular Devices
SpectraMax M2 Spectrometer was used to monitor the absor-
bance of the solution at 360 nm. Measurements were compared
to a linear phosphate standard curve for data analysis (slo-
pe¼0.01962 AU/nmole Pi; n¼3; r2¼0.995). The various motor
components were allowed to react in the presence of ATP, with
the temporal production of inorganic phosphate production
measured with ELIPA. The turnover number (kcat) and Michaelis
constant (Km) for each component reaction was determined by
non-linear least squares ﬁt to the Michaelis–Menten equation or
alternatively to the Hill equation (Figs. 1 and 3).Author contributions
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